Introduction
A wide variety of antibody conjugates have been developed for use in immunocytochemistry, immunoassays, and medical uses such as imaging and immunotherapy. The gold cluster immunoconjugate that we describe in this report can be used in many of these applications and has unique advantages Over some of the presently used conjugates.
In electron microscopy (EM), for example, the most popular immunolabel today employs a colloidal gold-labeled antibody. Colloidal gold can be made reliably in the 3-150-nm range, but smaller sizes usually give a wide range of particle diameters. The coupling of colloidal gold to proteins is noncovalent and requires low ionic strength at a pH dependent on the PI of the protein (1). Fab fragments conjugated to 1.5-2.5-nm and larger gold particles have been reported (2,3), although IgG is more commonly used. Colloidal gold has a well-known avidity for most proteins. Therefore, to prepare 1:1 gold-Fab conjugates, other proteins, e.g., bovine serum albumin (BSA), must be added to coat the exposed surface of the gold (3), leading to a larger overall probe size. A small 1-nm gold particle attached to IgG is available (Auroprobe One; Amersham, Poole, UK), but this actually contains a range of gold sizes from 1-3 nm and some protein-gold aggregates (4) . The usual colloidal gold conjugation procedure requires the addition of polyethylene ' Supported by NIH Grant GM31975 and OHER of the US Department of Energy. technology used in this study and that they are part owners of Nanoprobes, Inc. To avoid bias in the review process, this information was not disclosed to the reviewers, To whom correspondence should be addressed.
To whom correspondence should be addressed. compound with covalent attachment, a number of advantages over colloidal gold probes are realized, including better resolution, stability, uaiformity, sensitivity, and complete absence of aggregation; its small size should also improve penetration and more quantitative labeling of antigenic sites. glycol (Carbowax), polyvinylpyrrolidone, or BSA as a stabilizer to minimize aggregation (I), and purification is by centrifugation, which retains some protein-gold aggregates (3). Colloidal gold conjugates and aggregates are often too large to reach secluded antigens the way smaller fluorescently labeled antibodies do ( 5 ) . A recent report of several commercial colloidal gold antibody probes found substantial dissociation of colloidal gold from the antibody even in freshly acquired preparations and extensive aggregation in one of them. After storage for several months at 4'C, extensive aggregation was apparent as well as further gold dissociation ( 5 ) . This means that the free IgG will compete for labeling sites and reduce the number of antigens visualized by EM. Those tests also noted the poor penetration of colloidal gold probe aggregates into cryostat sections compared with free IgG. Freshly prepared homemade colloidal gold conjugates may overcome some of these difficulties. However, although colloidal gold-labeled antibodies are satisfactory for many applications, they may be inadequate for high-resolution studies and for projects requiring good penetration, stability of the label, or more quantitative labeling of antigenic sites.
A solution to these deficiencies has been embodied in an undecagold-Fab conjugate previously described (6) . This 11 gold atom cluster can be coupled to sulfhydryls of proteins at virtually any ionic strength and its attachment is covalent and more stable than colloidal gold conjugates. The 0.82-nm gold core is completely uniform, since the cluster is a well-defined compound. The main disadvantage is its very small size. Although it is clearly seen in the high-resolution scanning transmission electron microscope (STEM) (6) , it is nearly invisible in the more common conventional transmission electron microscope (TEM).
To construct the smallest antibody probe visible in the TEM, a larger cluster was sought. The chemistry of large organometallic clusters is a frontier of active chemical research (7) (8) (9) (10) . For smaller dusters, crystal structures have been solved, but for some larger clusters no crystals have been produced. This raises the possibility that some of these larger structures may not be completely homogeneous. An interesting property of larger clusters is that they begin to exhibit properties of colloidal (or bulk) metal but still maintain reproducible characteristics of discrete compounds. Typically, most of the larger clusters described are not water soluble and are unreactive towards biomolecules. Many also exhibit poor stability in solution. This report describes a new large gold cluster that 'is stable, water soluble, and designed to covalently attach to other molecules (Figure 1) . Some of its properties and uses as an antibody probe in EM (11) , LM, and immunoblotting are detailed.
Materials and Methods
Fab-Au1.b Preparation. Rabbit anti-horse spleen ferritin IgG (Sigma Chemical; St Louis, MO) and rabbit anti-human red blood cell (RBC) IgG (Cappel; Organon Teknika, Durham, NC) were used to prepare F(ab)n fragments by 2 % (by weight) pepsin digestion at 37'C for 16 hr in 0.1 M Na-citrate buffer (pH 4.5) and subsequent gel filtration chromatography (Superose 6; Pharmacia LKB, Piscataway, NJ). Fab was produced by reduction of the F(ab)2 with 20 mM mercaptoethylamine for 1 hr at room temperature (0.1 M Na-phosphate, pH 6.0, 5 mM EDTA) and purification on a column (0.66 x 50 cm; GH25, Amicon, Danvers, MA). The Fab was reacted with a fivefold molar excess of monomaleimido-Aul.4, (now available commercially as Nanogold from Nanoprobes; Stony Brook, NY) overnight at 4'C (0.02 M Na-phosphate, pH 6.5, 1 mMEDTA, 150 mM NaCI), concentrated by Centricon-30 (Amicon), and purified on a gel filtration column (Superose 6).
IgG-Au1.h Preparation. Rabbit anti-human RBC IgG (Cappel) or goat anti-rabbit IgG (Sigma) was coupled to Aul .dnm clusters by reducing the IgG with 20 mM mercaptoethylamine in 0.1 M Na-phosphate (pH 6) and 5 mM EDTA for 1 hr at room temperature and purification on a gel filtration column (0.66 x 50 cm; GH25, Amicon). The reduced IgG was incubated with a fivefold molar excess of monomaleimido-Au~,4,, (or lower amounts for less labeling) overnight at 4°C (0.02 M Na-phosphate buffer, pH 6.5, 1 mM EDTA). The product was concentrated with a Centricon-30 device and purified on a column (Superose 6).
F(ab')2-Au1.rm Preparation. Rabbit anti-human F(ab)z fragments (Cappel) were reduced to Fab fragments with 20 mM mercaptoethylamine in 0.1 M Na-phosphate (pH 6, 5 mM EDTA) at room temperature for 1 hr.
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--These fragments were pirified on a gel filtration column (Superdex 75; Pharmacia LKB) and reacted with an equimolar amount of A u 1 . 4~~ containing a predominance of two functional maleimide groups per cluster. After reaction in 0.02 M Na-phosphate (pH 6.5), 1 mM EDTA, 150 mM NaCl overnight at 4'C, the products were purified on a gel filtration column (Zorbax GF250; Mac-Mod Analytical, Chadds Ford, PA).
Quantitation of A u 1 . h Coupling. The extent of labeling of Au1.4,~ clusters to antibodies, i.e., the number of clusters per antibody, was measured by uv-visible spectroscopy and STEM. The extinction coefficient of Au1.4, is approximately 3.1 x 10' at 280 nm and 1.1 x 10' at 420 nm, and that of Fab, for example, is 7.5 x lo4 at 280 nm and 0 at 420 nm. From a spectrum ofthe purified antibody-Au1.4, product, the stoichiometry can be determined (12) . STEM of the purified products permitted direct counting of antibodies and gold dusters to give binding stoichiometries.
Femtin-Fab-Au1.4nm. Fab-Aul.4, covalent conjugates were made as described above, using rabbit anti-horse spleen ferritin IgG. These were incubated with horse spleen ferritin (Sigma) for 1 hr at room temperature, using a 100-fold molar excess of antibody (3.2 nmol) to ferritin (0.032 nmol).
A gel filtration column with a 300,000 hfw cut-off (0.66 x 50 cm; GC700, Amicon) with 0.1 M ammonium acetate (pH 6.8) as the eluent, was used to separate unbound Fab-Au1.4,~ from the ferritin-Fab-Aul.4,.
The void volume peak was used for EM.
protein
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Red Blood Cells (RBC). Fresh whole human blood stored in EDTA was used for various experiments. En face-labeled membranes were prepared as follows: 0.5 ml of blood was centrifuged at 1300 x g for 1 min (Eppendorf Microcentrifuge; Brinkman, Westbury, NY) and re-suspended in 1 ml of phosphate-buffered saline (PBS; 20 mM Na-phosphate, 150 mM NaCI, pH 7.4) three times. Forty pl containing m107 cells were incubated with 3 nmol of anti-human RBC Fab-A~l.4,~ in 1 ml PBS overnight at room temperature, then washed three times by centrifugation with PBS. Several drops of re-suspended cells were dropped onto deionized water in a beaker and after 15-30 sec the hypotonically lysed cells with spread membranes on the water surface were picked up with a dry carbon-coated grid by touching the grid to the surface. After 1 min, several water washes were applied and the grid was quick-frozen in liquid nitrogen slush and freeze-dried overnight.
Whole RBCs labeled with anti-human RBC Fab-Au1.4, were prepared for thin sectioning as above, except that after antibody incubation and washing the cells were fuced for 1 hr with 1% glutaraldehyde, quenched with a fivefold molar excess of glycine in PBS for 20 min. and washed three times with PBS by centrifugation. They were then washed in graded steps of ethanol (50% ethanol, 50% PBS, 10 min; 70% ethanol, 30% water, 10 min; 90% ethanol. 10 min; 100% ethanol, three times, 30 min) and then with Lowicryl K4M (Chemixhe Werke h i ; Waldkraiburg. Germany; Lowicry1:ethanol 1:1, 1 hr; 2:1. 1 hr; 100% Lowicryl 1 hr; 100% for 2 days; 100% for 1 hr) (13) . Cells were recovered after each step by centrifugation.
Cells were then placed in Becm capsules and polymerized with uv light for 2 days at 4°C. Blocks were trimmed and m80-nm thin sections (gold-silver) were cut with a Porter Blum MT2 microtome.
Silver Enhancement for EM. A u 1 . 4~~ clusters were applied to carboncoated grids in a M solution, wicked after 1 min, and washed with deionized water. Silver enhancer (IntenSE M; Amenham. Arlington Heights, IL) was applied for various times on the grid, followed by several water washes to remove the silver developer.
Scanning Transmission Electron Microsropy (STEM). The Brookhaven STEM (14) was used to visualize unstained samples in darkfield. This microscope has O.25-nm resolution, a field emission tip, and high efficiency electron detection in darkfield. Digital images (512 x 512) were recorded from the large-angle elastic scattering detector (40-200 mrad half angle).
M solution of A u 1 . 4~~ or, alternatively. a 10 pg/ml protein solution to a titanium grid with a holey film and 3-nm carbon film on it. After a 1-min adsorption time. the grids were washed five times with a 20-mM ammonium acetate solution, wicked, Samples were prepared by applying 5 pI of a and quick-frozen in liquid nitrogen slush. After freeze-drying slowly overnight and bringing to room temperature. samples were transferred at room temperature under vacuum to the microscope and observed in the cold stage operating at -130'C.
STEM mass measurements were made offline as previously described (15) .
Transmission Electron Microscopy (TEM). A Philips 300 was used for all TEM work at an instrumental magnification of x 120.000 at 80 keV.
Light Microscopy. Human RBG and HeLa cells were washed two times in PBS by centrifugation in 1.2 ml Eppendorf tubes (1300 x g, 30 sec) and re-suspension, then mixed in equal proportions (m2 x lo9 cells in 0.1 ml) and 50 pl spun onto a glass slide using a Cytospin device (Shandon Southern Instruments; Surrey, UK). The slide was pre-incubated for 10 min with a 1% BSA solution to improve cell adherence. Cells were kept hydrated with PBS buffer and the slide was rinsed three times with PBS. An incubation with rabbit anti-human RBC IgG-Aul.4, (50 pl. 150 pglml) was then done for 10 min or 1 hr at room temperature in PBS with 1% BSA. After rinsing three times with PBS. a 5-min fixation in 1% glutaraldehyde in PBS followed. The slides were rinsed three times in deionized water and 50 pl of silver enhancer were added (IntenSE BL; Amersham). After 7-15 min. the developer was rinsed with water three times. Cells were photographed in a light microscope at x 200 using standard brightfield illumination.
Immunobloa.
A 2 x 3-un piece of nitrocellulose (Bio-Rad; Richmond, CA) was cut and marked with a pencil into subareas. It was then boiled gently in water for 5 min. allowed to cool, and placed on a ceramic frit on an Erlenmeyer flask with a side arm to a water aspirator. While suction was applied. 1 pI of antigen solution was applied using a 1-pI capillary (Microcaps; Drummond Scientific. Broomall, PA) in duplicate in each ruled area. applying the most dilute material first. Antigen. in this case rabbit (anti-bovine albumin) IgG (Cappel) was diluted in PBS so that 1 fi would contain from 0.2 pg to 10 ng. A buffer blank (PBS) was used as one of the controls. The membrane was then blocked with PBS containing 5 % BSA for 30 min at 37°C. These blots were probed with goat anti-rabbit 1gG-A~l.4.~. prepared as described above. by applying a 1 pglml solution for 2 hr at room temperature. The membrane was then rinsed with PBS containing 0.8% BSA for 5 min. three times. then with PBS for 5 min. two times, then with deionized water for 5 min. two times. The gold was developed with silver enhancer (IntenSE BL; Amersham) for 15 min. then rinsed thoroughly with deionized water, and freshly mixed silver developer was applied for another 15 min. This was repeated a third time (45 min total development). The blot was finally rinsed several times with deionized water.
Results
The large gold cluster (Au1.4nm) is shown schematically in Figure  1 . Its core of gold atoms was measured to be 1.4 nm in diameter (hence, "1.4-nm gold particle," since this core is what is visible by EM; Figure 2A ) and it has a shell composed of organophosphines HAINFELD, FURUYA with an overall dimension of 2.7 nm. One of the organic moieties has a maleimide group which is used for linking to sulfhydryls. The remaining organic shell is unreactive and uncharged and confers water solubility and stability to the cluster. The resulting Au1.4nm is stable for many months, as assayed by w-visible spectroscopy, gel exclusion chromatography, and EM. It is however, not stable above 50°C. This cluster was found to be very stable in the electron beam even at high doses. There was 8% mass loss after 2.4 x 105 e/nm2, compared with 39% loss for the Aull cluster and 34% loss for a typical protein (tobacco mosaic virus) at that dose (16) .
Coupling to the antibody was done through the free sulfhydryl on Fab fragments in the hinge region to produce Fab'-A~l.4nm ( Figure 2B ). Retention time on a gel filtration column showed that the Fab-A~l.4nm ran nearly identically to Fab'. STEM mass measurements of 45 Fab'-Au1,dnm randomly selected particles gave 68 2 13 KD, consistent with the 50 KD value for Fab plus Immunoreactivity was tested by incubating rabbit anti-horse spleen ferritin F a b -A~i . 4~ with ferritin using a 100-fold excess of antibody to ferritin. Using a gel filtration column, the void peak containing femtin-antibody ( Figure 2C ) was clearly separated from the excess Fab' peak. Ferritin is composed of 24 similar subunits for the Au1.4nm. and therefore up to 24 Fab fragments might bind. It was observed that from one to 21 (mean 12.4) Fab-A~l.4nm molecules were bound per ferritin. Since the diameter of ferritin is 12.5 nm, it is possible to estimate the resolution of this probe, i.e., the distance from the epitope to the center of the gold cluster. One would expect a distance of 5.0 nm for the length of the Fab plus -1.3 nm for the Au1.4nm (one half its diameter), plus 0.7 nm for the organic linker between the two, for a total of 7.0 nm. It was found that 92% of the clusters fell within 7.0 nm from the outer edge of the ferritin, giving a probe resolution of 7 nm. A similar experiment using Fab'-undecagold (Aull) is shown in Figure 2D for comparison. Approximately the same resolution is achieved using the 1.4-nm gold with a substantial increase in visibility, since many more gold atoms are in each cluster. As controls, a nonspecific antibody, rabbit anti-human RBC Fab. was gold labeled, incubated with ferritin, and showed no binding. AUl.4m clusters alone (without maleimide groups) were incubated with ferritin and columnpurified, and also showed no binding to ferritin.
An important application of this immunolabel is in high resolution mapping of cellular sites in thin sections using the TEM. To explore this, A~1.4nm clusters were attached to rabbit antihuman RBC Fab fragments. These were incubated with human erythrocytes. washed, and, after hypotonic lysing to isolate only the membranes, applied to a microscope grid. EM showed empty cells (ghosts) and membrane fragments which at higher magnifications revealed many A~l.4nm clusters attached (STEM, Figure 3A ; TEM, Figure 3B ). For comparison, a TEM image of A u 1 . 4~ clusters is shown ( Figure 3C ). Other whole RBCs (not lysed) labeled with Fab-A~l.4nm were fixed, embedded in Lowicryl K4M, and thinsectioned. Observation in the TEM showed AU1.4m clusters on the membrane surfaces ( Figure 3D ). Although the clusters were small, they were clearly visible as 1.4-nm spots in this otherwise unstained sample.
The visibility of the 1.4-nm gold can be enhanced using the well-known silver development of gold (17) . This process relies on silver ions in solution being reduced to silver metal around a gold particle nucleation site. A 30-sec development produced particles in the range of 1.7-3.3 nm (Figure 4B ), whereas a 3-min development gave 11-40-nm diameter particles ( Figure 4C ). These larger grain sizes are useful when thicker sections or other stains are used. Only very occasional particles were seen on control grids that did not have A~1.4nm clusters but were subjected to developer (Figure 4D) .
A further application of this probe is in immunocytochemistry using light microscopy. Human RBCs and HeLa cells on a glass slide were incubated with rabbit anti-human RBC IgG-Au1.4nm conjugate, washed, and silver-enhanced. RBCs turned black with silver, whereas the HeLa cells remained unstained. A typical field is shown in the light microscopy image in figure 5 . Development times were inversely related to gold-antibody incubation times: for IgG-Aul.4nm incubated 10 min. cells developed in 15 min. whereas for a 1-hr gold-antibody incubation development took only 7 min. A test using labeled RBC ghosts showed similar results, and a control using only silver development (no gold-antibody) showed no staining of either cell type.
The silver enhancement of A~1.4nm can be extended to applications in which the naked eye can be used for detection, such as in immunoblots (18). Rabbit IgG was bound to nitrocellulose and detection with goat anti-rabbit IgG-A~l.4nm showed 0.2 pg (1.3 amol) sensitivity (Figure 6 ), which is superior to other colloidal gold-antibody probes and many other enzymatic, fluorescent, and radioactive techniques (18-20). Controls using a buffer or nonspecific antibody were blank.
In some applications it is usdul to link the Au1.dnm to IgG or F(ab)Z fragments. IgG-A~l.4nm was prepared by reducing the hinge sulfhydryls and reacting with the monomaleimido-Aui.4m. The A~1.4nm was observed by EM to attach in the hinge region ( Figure 7A ). An F(ab)z-A~1,4nm conjugate was made by using an A~1.4nm with two maleimide groups per cluster. When Fab was incubated, two molecules of Fab attached to a single Aui.4t~11. and the F(ab')z-A~1,4nm product isolated by gel filtration as a distinct peak separate from Fab ( Figure 7B ).
Discussion
The A~l.4nm probe approach brings molecular definition to immunogold labeling in much the same way that fluorescent probes have done for light microscopy. By employing a gold compound, a number of advantages over colloidal gold probes are realized. One is a small and uniform size. Although the Au1.4nm used here showed about a 2 10% variability in its core size, this is far better than that observed with small (<3 nm) colloidal gold preparations. For direct detection this provides a distinct high-resolution marker. Enhancement of uniform gold particles with silver developers should yield better homogeneity of sizes than development of 1-3-nm heterogeneous colloidal gold particles, but this has not yet been thoroughly studied.
Another distinction of these cluster probes is their overall small size. The Fab-A~i.4nm is approximately 8 x 4 x 3 nm, with a label resolution (epitope to center of gold) of 7 nm. This is smaller than IgG colloidal gold probes. Even in the IgG-Au1.4, construct, the gold is in the hinge region so that the overall dimension of the IgG (15 nm) is hardly altered. The epitope to center of gold resolution of this probe should also be *7 nm, since the gold is attached to the same point as in the Fab-A~i.4nm conjugate. The covalent attachment of the A~1 . 4 n m cluster to antibodies also has significant contrasts to colloidal gold probes. One obvious advantage is its excellent stability, whereas the ioniclhydrophobic attachment of colloidal gold shows near immediate and constant degradation ( 5 ) . The Au1.4nm covalent coupling is performed at 0.1 M ionic strength at pH 6.5 but a wide range of ionic strength and pH is acceptable. Once coupled, the bond is stable over extreme ranges of pH and ionic strength, where colloidal gold conjugates fall apart.
The water-soluble Au1.4nm cluster is not "sticky" towards proteins as is colloidal gold. If covalent coupling is not done, there is no attachment to antibodies even after prolonged incubation. The non-reactive and non-binding surface of the Aul,dnm cluster means that once it is covalently attached to an antibody it does not require coating of its remaining surface the way colloidal gold does. Therefore, the antibody-A~1.4,~ product is monomolecu- lar and has no tendency to aggregate or be larger than expected due to accreted proteins. Frequently, colloidal gold probes are much larger than expected because of their aggregation and multiple attachments to one gold particle. A practical result of the smaller size and complete absence of aggregation of antibody-Au1.4~~ probes is their potential for greatly improved penetration into tissue blocks and cell nuclei (Y. Gazitt and R.W. Burry, personal communications).
In immunoblots, higher sensitivity (0.2 pg) was observed than what is reported for colloidal gold probes [lo0 pg (15) ; 1 pg (19)) The very sensitive detection observed has a molecular explanation. Either more gold particles are being delivered to the antigens (i.e., more gold-labeled antibodies are binding) or the Aui .4nm cluster develops better with silver than with colloidal gold. Both of these are plausible, but future experiments are necessary to explore this issue. Because the Au1.4nm is covalently attached at a specific position (the hinge sulfhydryl) away from the antigen-combining hypervariable region, antibody activity should be preserved, more so than a random ionic attachment as with colloidal gold. In addition, some colloidal gold-antibody preparations have a low go1d:protein ratio (either initially or after dissociation) and the unlabeled antibodies compete for antigen binding. Both of these factors, gold labeling that reduces immunoreactivity and unlabeled antibody, will reduce the number of gold particles delivered and reduce sensitivity. Another factor to explain the high sensitivity of the Au1,4nm is that it may nucleate silver deposition better than colloidal gold, owing to its high surface-to-volume ratio or to different surface properties. Interestingly, however, silver development of the Aull cluster proceeds at a slower rate than with this A U I .~~, which may be caused by the higher surface packing of organic moieties in the Aull cluster.
Although the 1.4-nm gold particle is visible in relatively thin unstained samples at high magnification in the EM, silver enhancement will probably be required for effective use of this probe in more routine tissue sections that contain membrane and other usual stains, and for viewing at magnification < x 50,000. Treatment with a silver developer adds another brief step to the specimen preparation but should enable the benefits of this small and stable probe to be realized. Another minimal restriction is the thermal degradation of the 1.4-nm gold compound above 50°C. It therefore cannot be used before conventional epoxy embedding and curing at 60°C, but is compatible either with post-staining or pre-embedding labeling using a low-temperature resin such as Lowicryl cured with uv at room temperature or below.
A number of novel applications are possible with this new Aul.4nm immunoconjugate. For example, we have used the smaller Aull cluster made with radioactive gold attached to monoclonal anti-tumor antibodies as a potential therapeutic agent for cancer (21) . The Au1.4nm conjugate can be used to deliver a higher amount of radioactivity per antibody, which may be important since tumor binding sites are limited.
The Au1.4nm cluster can also be used to label other proteins or molecules besides antibodies. By direct covalent coupling of the Au1.4nm to a specific site, the spacing of the antibody can be eliminated to yield higher-resolution mapping or more flexible labeling of substrates, toxins, or other compounds.
In conclusion, this Aui.4nm-antibody conjugate is the smallest gold immunoprobe yet developed for the TEM and should permit higher resolution, better penetration, and more quantitative labeling of antigens than previously possible. It should enable improvements in many applications in light microscopic histochemistry (with silver amplification), and sensitive dot or Western blot assays. It also provides a useful site-specific covalent label for many other proteins and compounds.
